Introduction
============

Catheter ablation has been evolving rapidly for the management of atrial fibrillation (AF) with improvements in both efficacy and safety.[@B1] The efficacy of radiofrequency (RF) catheter ablation for maintaining sinus rhythm is superior to the current antiarrhythmic drug therapy in selected patients.[@B2],[@B3],[@B4] The goal of catheter ablation is to eliminate AF. The development of AF requires both a trigger and a susceptible substrate. The most common trigger initiating AF comes from the myocardial sleeve of the left atrium (LA), which extends into the pulmonary veins (PV).[@B5] Unique anatomical and electrophysiological features of the PV and LA-PV junction (LA-PVJ) play major roles in AF. Therefore, PV isolation (PVI) or LA-PVJ ablation is the cornerstone of various catheter ablation strategies.[@B1].

Techniques used for PVI vary widely from center to center. Electrical isolation introduced by Haissaguerre et al.[@B6] involves the sequential identification and ablation of the PV myocardial sleeve close to the earliest site of PV activation. However, PV antrum also contributes to AF initiation and/or perpetuation.[@B7],[@B8],[@B9],[@B10] In addition, PV stenosis could be a complication of ablation within a PV. Therefore, ablation strategies have shifted to target the antrum rather than the PV proper. Although PVI is the most common AF ablation procedure performed to treat various forms of AF, its results varies widely among institutions. There are many possible reasons contributing to different results. Among them, the most important one is the lack of a standardized and systematic method and technique to achieve PVI. In addition, reliable acute predictor during PVI for long-term success is unavailable.

Atrial fibrillation catheter ablation has risks of major complications. International survey and European multinational registry reported a 4.5-7.7% incidence of major complications associated with AF catheter ablation.[@B11][@B12] Many of these complications could be avoided with careful pre-procedural assessment of patients and detailed planning of the procedure. The majority of the collateral damages as complications of the ablation attributed to individual anatomical variations. Although these complications are not frequent, they have been observed several times even in experienced centers. The current safety and efficacy measures used during the AF ablation have limitations due to the lack of real-time visualization and characterization of the cardiac tissue, especially in lesion formation. There are three major techniques to achieve electrical PVI during AF catheter ablation: 1) Segmental ablation, the earliest PV potential guided segmental and ostial ablation; 2) LA-PVJ ablation, a PVI by circumferential ablation at LA-PVJ; 3) Wide antral circumferential ablation (WACA), an ablation at the LA outside the LA-PVJ.

In this review article, we aimed to characterize each PVI technique so the best PVI result could be achieved in each patient within the given condition of electrophysiology laboratory. It is important to keep in mind that these techniques are not exclusive but rather mutual complementary in some patients. We also included our experiences with a few useful clinical observations to provide better understanding of AF ablation procedures.

Clinical Consideration
======================

Pre-procedure general evaluation
--------------------------------

Pre-procedure evaluation starts with the first clinical encounter which should include a clear documentation of clinical events to justify the PVI. It is important to assess clinical status of not only cardiac conditions, such as congestive heart failure or history of rheumatic fever, but also other associated clinical conditions that may influence the outcome or may increase the risks during PVI. Clinical condition examples include: 1) Chronic obstructive lung disease, which may require special respiratory support during the sedation; 2) Diabetes mellitus, which may require close monitoring of blood glucose; 3) Renal disease, which may require judicious fluid management as well as hemodynamic monitoring. These clinical conditions may help avoid fluid overload, therefore minimizing the risk for respiratory distresses or exacerbation of renal failure due to hypotension during PVI. It is also important to share and discuss these concerns with the patients.

Pre-procedure physical examination
----------------------------------

Physical evaluation should be performed in consideration of AF ablation procedure which should include the exam of the vascular access site. Some patients may have extensive scar over the vascular access site due to pre-existing conditions or previous procedures or surgeries. In patients with pre-existing scar tissues, a generous skin incision after the venous access followed by a good dilatation prior to the insertion of the sheath is recommended. A small skin incision might create a significant resistance during the sheath and catheter manipulations. Generous skin incision is particularly important during trans-septal catheterization which requires delicate sheath manipulation in order to puncture the ideal site within the fossa ovale.

Special clinical circumstances may require additional consideration for PVI. If the patient presents with significant chest deformities such as scoliosis, lordosis, pectus excavatum ([Fig. 1A and B](#F1){ref-type="fig"}), or Marfan syndrome ([Fig. 1C and D](#F1){ref-type="fig"}), they can create difficulties during trans-septal catheterization as well as catheter manipulation to achieve successful PVI. Other clinical conditions such as prior pneumonectomy or hemi-diaphragm paralysis can also change attitudinal cardiac anatomy.

Pre-procedure 3-dimensional cardiac imaging evaluation
------------------------------------------------------

Pre-procedural evaluation of 3-D cardiac imaging has become an essential part in AF ablation. Cardiac CT angiography (cCTA) is the most widely used imaging modality. Modern cCTA provides detailed anatomy, including the relationship of LA, PVs, LA-PVJ, and LA appendage. Cardiac MRI (cMRI) is the other 3-D imaging modality that provides not only anatomical information for cardiac function, but also pre-existing myocardial fibrosis with its delayed enhancement imaging technology.

The objective of 3-D cardiac imaging is to not only evaluate the patient\'s detailed cardiac anatomy, but also recognize the relationship between LA and its neighboring structures that are subject to collateral damages during PVI, such as esophagus, major proximal arteries, and pulmonary parenchyma. However, some neighboring structures could not be imaged with cCTA or cMRI, such as phrenic and recurrent laryngeal nerves. In addition, they could be injured during PVI despite best efforts.

3-D reconstructed LA image can be used to guide the catheter manipulation during PVI. The potential ablation sites or lines can be pre-selected and planned prior to PVI. The anatomy of LA-PVJ and its relationship with the esophagus or descending aorta may force a change in the ablation strategy to avoid collateral damages. For example, if the left PV posterior wall is in close contact with the esophagus, segmental ostial PVI of the posterior wall combined with the continuous ablation at the remaining part of LA-PVJ or the antrum could be planned ([Fig. 2](#F2){ref-type="fig"}).

From our past experiences, we have learned that CT and MRI may diagnose unsuspected non-cardiac conditions such as lung mass or cancer, large hiatal hernia ([Fig. 3](#F3){ref-type="fig"}), or significant vertebral deformities, which may change the planned ablation strategies or abandon the ablation completely.

Procedural Consideration
========================

Of the three major ablation techniques, the best one is determined by the LA anatomy and its surrounding structures. Understanding the anatomy and the histology of PV and LA-PVJ are very important for effective catheter ablation.

Anatomical and histological consideration
-----------------------------------------

Histological and embryological studies of the human LA revealed complex and wide variations during the development of LA and PVs from primordial LA and venous system, which may explain the wide anatomical variations at the LA-PVJ and PVs observed in patients with AF. These variations may also occur not only at gross anatomical level but also at histological level, resulting in the differences in the length, orientation, and thickness of the atrial myocardial fibers.[@B13] The myocardial muscle fibers with a circumferential and spiral orientation form the thick heterogeneous ostial muscle sleeves, which may progressively become thinner toward the distal PV and end up being organized to parallel along the PV long axis ([Fig. 4](#F4){ref-type="fig"}). It is important to note that these myocardial sleeves are predominantly epicardial structures and that their lengths vary widely between the veins as well as the diameters of the PVs.[@B14] These histological characteristics of myocardial sleeve directly influence the ablation lesion formation and ultimately the long-term PVI. Although it is easy to achieve transmural lesions inside the PV with a small amount of ablation due to the thin and homogenously oriented myocardial fibers, it has a high risk of PV stenosis and collateral damages. In contrast, the WACA technique requires a much larger number of ablation and higher energy to achieve complete isolation because thick atrial myocardial sleeves with multiple muscle layers present in most of the PV antrum, which is less likely to achieve homogenous transmural lesions in the entire circumference with the current available ablation technologies. Therefore, those circumstances favor the use of LA-PVJ ablation technique. LA-PVJ ablation could also eliminate other possible triggers, such as Marshall bundle and posterior LA wall. In addition, LA-PVJ ablation might alter the arrhythmogenic substrate that may generate or perpetuate AF and/or reduce the mass of atrial tissue needed to sustain reentry. Furthermore, neuro-anatomical studies at the LA-PVJ revealed circumferential distribution of a high number of autonomic parasympathetic and sympathetic nerves in LA-PVJ.[@B15] Therefore, LA-PVJ ablation may interrupt the autonomic innervations, the potential triggers for AF.

Trans-septal catheterizations
-----------------------------

The single most important technical factor for successful LA-PVJ ablation is a proper trans-septal catheterization. Each patient\'s LA and PVs have different shapes, orientations, and sizes. Therefore, the trans-septal catheterization site should be adjusted accordingly. During LA-PVJ ablation, the most difficult areas commonly encountered are the upper border of superiorly oriented superior PVs and the lower border of posteriorly oriented right inferior PV ([Fig. 5](#F5){ref-type="fig"}). In general, most centers prefer double trans-septal catheterizations to address these areas with trans-septal puncture sites at the superior-anterior and the posterior-inferior portion of fossa ovale ([Fig. 6](#F6){ref-type="fig"}).

Radiofrequency ablation
-----------------------

The recovery of PV conduction after PVI is still the most challenging issue due to anatomical reasons such as failure to produce complete transmural lesions,[@B16][@B17] gaps in the line of ablations,[@B18] or the transient electrophysiologic effects of RF ablation. Ideal ablation lesion formation depends on several factors, including good and constant contact pressure and duration. The following three indicators could be used to suggest good ablation lesion formation: 1) Elimination of target potential within 5 seconds by energy delivery; 2) Impedance drop more than 7 Ohms within 10 seconds of energy delivery; 3) Loss of capture of pacing after ablation. However, it is technically challenging to maintain a constant contact with optimal pressure for a reasonable duration of 30 to 40 seconds in a beating heart. Furthermore, these consistent lesions must be connected continuously to avoid gaps. If PVI is performed only based on the potential reduction, RF ablation duration can be reduced, but the transmurality of the lesion is unlikely. RF lesion reaches maturity after a 20 second exposure of power. The lesion size is determined by integration of exposure duration and power level.[@B19][@B20] Ablation duration requires 30 to 40 seconds in most of the sites during PVI for a good lesion formation. The most important factor for creating ideal lesion formation is a careful monitoring of the ablation electrogram, which is crucial to confirm proper contact and eliminate target potential with the energy delivery. The ablation energy delivery is continued for an additional 25 to 35 seconds after the initial loss of R wave on the ablation electrogram ([Fig. 7](#F7){ref-type="fig"}) when using open irrigated ablation technology with the power of 20 to 30 Watts and cooling flow of 8 to 30 mL/min. Inability to watch the electrogram during ablation is commonly caused by the contamination of a 60 Hz noise. The most common source of the 60 Hz noise is any AC power source close to the recording system such as the RF generator, defibrillator or infusion pumps. Therefore, it is essential to separate the recording cables from the power cables by bundling as well as ground all electrical equipment. The other common source of contamination is the improper skin preparation before the placement of 12 lead electrocardiography electrodes.

Left atrium-pulmonary vein junction identification and ablation
---------------------------------------------------------------

The ideal ablation sites around the LA-PVJ should be: 1) Favorable anatomical location for catheter manipulation to reach the target sites with stable contact throughout the energy delivery, 2) Favorable myocardial thickness for currently available ablation technologies to achieve uniform transmural lesions but with minimum risk of collateral damages.

The LA-PVJ contains the electrophysiological PV ostium (Os) and anatomical PV Os, which is located more proximal to the LA. During AF ablation, the electrophysiological Os can be easily defined by the merger between the local LA potentials and the PV potentials. Generally, the anatomical Os is located 5 mm proximal to the LA ([Fig. 8](#F8){ref-type="fig"}). Once the anatomical Os is identified, a linear ablation line could be drawn over the anatomically merged 3-D LA map to guide PVI ([Fig. 9](#F9){ref-type="fig"}). Even though the contact and duration is good enough to make solid lesion, if the ablation lesion is made by a point-by-point ablation, it is more likely to leave a gap between lesions which may contribute to PV reconnection.[@B21] Therefore, it is preferred to perform the ablation with continuous dragging pattern to minimize gaps.

The ablation line should include the major carina between the superior and inferior PVs because there are crossing myocardial fibers and bridges at the interpulmonary isthmus in -50% of the patients.[@B22] In some instances, it may be necessary to extend the ablation into the sub-carina within the PV.

Factors affecting ablation
--------------------------

There are several cardiac and non-cardiac factors that can affect lesion formation. Respiratory movement can directly influence the stability of the catheter during ablation which can be controlled with general anesthesia using a jet ventilation technique. However, this can increase the cost as well as the procedure time. Moderate to deep sedation protocol with Bi-PAP or CPAP support during the ablation can yield favorable outcomes as well as cost effectiveness.

The cardiac rhythm itself can also create catheter instability during ablation. It is well known that irregular AF can create catheter instability during PVI. Therefore, the sinus rhythm is preferred during ablation because it enables easy monitoring of the ablation electrogram as well as stable catheter position ([Video in the online-only Data Supplement](#S1){ref-type="supplementary-material"}).

The size and the curve of the ablation catheter can be selected based on the LA dimension or volume and LA shape. The general rule used in our lab is that if the LA volume is greater than 120 mL or LA diameter is larger in horizontal dimension, a large curve ablation catheter should be chosen.

Acute pulmonary vein isolation confirmation and provocation testing
-------------------------------------------------------------------

Pulmonary vein isolation is confirmed with a circular catheter once the ablation is completed. Elimination of PV potentials is the primary endpoint for PV ablation procedures in most centers. PVI can be confirmed when the dissociated PV potentials are observed. Some centers routinely perform pacing from inside PV to confirm the exit block after the elimination of the PV potentials.[@B1] High out pacing from the ablation site to confirm the loss of capture has also been proposed as a good and acute predictor.[@B23]

Acute PV reconnection can be observed up to 50% in 30 minutes following completion of PVI. However, it appears to occur continuously throughout 90 days even though majority of them are reconnected during the first 30 days after PVI. There are two pharmacological methods to detect acute PV reconnections. The most commonly used method is a high dose isoproterenol infusion for 10 to 15 minutes and a waiting time of 30 minutes after PVI. The more recent method is a high dose adenosine bolus injection to facilitate the acute reconnections. Regardless of the method used, acute PV reconnection is due to non-transmural lesions or gaps between the ablation lesions. Therefore, reconfirmation of PVI at 20-30 minutes after initial PVI with or without pharmacologic challenging is important to minimize the recurrences.

Late pulmonary vein reconduction after pulmonary vein isolation
---------------------------------------------------------------

Two hypothesized mechanisms are involved in post PVI reconduction: 1) Acute reconnection, defined as first 90 days after the PVI, is the main reason of recurrences. This is primarily due to the failure to achieve continuous and complete trans-mural lesions; 2) Delayed recurrences which are observed over several years after the PVI.[@B24] This is most likely due to the longitudinal ultra-structural and electrophysiological propriety changes from the healing mechanisms observed in scar tissues. However, there is no clinical data available to confirm the 2nd hypothesis. Both mechanisms may play roles in a given clinical setting.

In summary, PV reconnection is still the major clinical challenge in any form of AF ablation. Major limitations to successful PVI are: 1) The lack of good acute predictor for the continuous uniform trans-mural lesions; 2) The lack of ablation procedure endpoints to predict long term success of PVI. Technologies that can improve the real time monitoring and the visualizing of the ablation lesion formation will improve the safety as well as the efficacy of AF ablation, which will ultimately improve the long-term outcome of PVI. Further clinical researches are merited to overcome these limitations.

Conclusion
==========

Pulmonary vein isolation can be approached systematically from clinical to procedural aspects. One needs to develop the PVI protocol that is practical and feasible within the given health-care environment so that it has reliable and reproducible results without complications or with very low complications.
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###### Supplement 1.

The difference of catheter stability between atrial fibrillation and sinus rhythm; fluoroscopic images

###### Supplement 2.

The difference of catheter stability between atrial fibrillation and sinus rhythm; 3-D images

![Three-dimensional reconstructed images of a left atrium. A and B: the left atrium of a patient with Pectus Excavatum. A shows the relationship between the ascending aorta and the left atrial anterior wall. B shows the indentation of the anterior wall by the aorta and the flattening of the left atrium. C and D: the left atrium of a patient with Marfan syndrome, which shows significant indentation of the posterior wall by the vertebral column.](kcj-44-291-g001){#F1}

![The proximity of esophagus to the left pulmonary veins. The line on A shows the location of the esophagus during the CT imaging, which was located close to the ablation line (B). Continuous ablation was done in the left lateral ridge, superior, inferior, and carina of the ridge side (C). Afterwards segmental isolation of the pulmonary veins was performed following the earliest activation site of the pulmonary veins to avoid possible esophageal injury (D).](kcj-44-291-g002){#F2}

![Images of hiatal hernia of a stomach. A and B: the thoracic portion of the stomach (arrow) has very close contact to the posterior wall of the left atrium on CT images. C and D show 3-dimensional relationship between the herniated stomach (arrow) with the esophagus and the left atrium.](kcj-44-291-g003){#F3}

![Anatomical characteristics of the junction of left atrium and pulmonary vein. A: microscopic appearances of myocardial sleeves in a heart specimen. Topography of the myocardial sleeves extends along the pulmonary veins on the adventitial side. The layer of the left atrial myocardium is separated from the muscular media of the pulmonary veins by a plane of fibro-fatty tissue. B: gross appearances of myocardial sleeves around pulmonary veins. The dotted lines indicate the junction between the left atrial myocardium and the pulmonary veins revealing complete continuity. C: three-dimensional reconstruction of a cross-section, perpendicular to the long axis of part of the wall of a myocardial sleeve covering a pulmonary vein, distal to the venoatrial junction (right to left). The direction of the muscle fibers is color coded. The venoatrial junction has heterogeneous orientation of the muscle fibers (Adapted from Saito T, Waki K, Becker AE. *J Cardiovasc Electrophysiol* 2000;8:888-94).[@B14]](kcj-44-291-g004){#F4}

![The different transseptal puncture sites depend on the right inferior pulmonary vein anatomy. A shows typical anatomy of the right inferior pulmonary vein. Bottom picture shows the location of the transseptal puncture sheaths. B shows atypical location of the right inferior pulmonary vein, which projects far posteriorly and very close to the floor of the left atrium. Bottom figure shows a modified transseptal puncture according to the variation of pulmonary vein anatomy.](kcj-44-291-g005){#F5}

![A shows a right anterior oblique projection. B shows a left anterior oblique projection. It shows an anteroinferior and superoposterior double transseptal puncture. The two well-separated transseptal sheaths can provide various accesses to the pulmonary veins.](kcj-44-291-g006){#F6}

![Changes of electrogram by energy application. The sharp signal registered from the ablation catheter shows a loss of R wave progressively within 2 seconds after energy delivery (arrow), which implies that the catheter contact was good and the lesion formation by energy delivery was effective.](kcj-44-291-g007){#F7}

![Left Superior pulmonary vein mapping to identify the pulmonary vein ostium during sinus rhythm. Top picture is a left superior pulmonary venogram. Mid-row shows the location of the catheter ablation from the distal pulmonary vein to the anatomical ostium. Bottom row shows changes of the ablation electrograms according to the location. The signals from distal to mid pulmonary vein (arrows) show small single potential and later activation than the atrial activation. The signal from the electrical ostium shows high voltage multicomponent potentials with similar timing of the atrial activation. The signal of anatomical ostium has higher voltage with single component like a local atrial signal. PV: pulmonary vein, OS: ostium, Abl: ablation, HRA: high right atrium, d: distal, p: proximal.](kcj-44-291-g008){#F8}

![Designed ablation line on the merged 3-dimensional left atrium. AP: anteroposterior projection, RAO: right anterior oblique projection, PA: posteroanterior projection, LAO: left anterior oblique projection.](kcj-44-291-g009){#F9}
